Abstract Acid ceramidases are enzymes with a vital role in metabolizing ceramide to sphingosine-1-phosphate that is an antiproliferative metabolite in the ceramide pathway. Inhibition of exogenous ceramides with ceramidase inhibitors lead to augmented ceramide levels in cells and in turn lead to cell cycle arrest and apoptosis. Our study aimed at targeting ceramide metabolic pathway to induce apoptosis in human breast cancer cell line (MCF7) and we examined the antiproliferative and apoptotic activities of ceranib-2, an inhibitor of human ceramidase, on this cell line as well ultrastructural and mophological changes. Methods used for our examinations in this study were the colorimetric MTT assay, Annexin V/Propidium iodide and JC-1 staining, transmission electron microscopy and confocal microscopy. Ceranib-2 effectively inhibited the viability of MCF7 cells in 24 h in a dose dependent manner leading to apoptosis via the mitochondrial pathway by reducing the potential of mitochondrial membrane. Additionally, significant changes on cell morphology and ultrastructure were observed on MCF7 cells exposed to ceranib-2 indicating apoptotic cell death. Collectively, our data demonstrate that ceranib-2 exerts a great potential to be an antineoplastic compound and that the mechanism of its action rely on its apoptosis inducing ability.
Introduction
Ceramide, a bioactive sphingolipid, has a great significance in sphingolipid metabolism and plays a vital role as a pleiotropic cellular activator which may enable the induction of two mutually exclusive cellular functions, cell proliferation and cell death (Kus et al. 2015) . Ceramide-mediated cell death has been the focus of various research in the last years (von Haefen et al. 2002) . As tumor suppressor lipid ceramide is a regulatory compound for bioeffector functions like apoptosis and growth arrest (Ogretmen 2006) . It has been thought for many years that endogenous ceramide production in response to several different stress stimuli is linked to senescence, growth arrest or cell death (Ogretmen and Hannun 2004; Futerman and Hannun 2004) .
The fact that ceramide has an important role in the regulation of cell growth and in chemotherapyinduced cell death suggests novel therapeutic approaches based on elevating levels of endogenous ceramide actions. The treatment of human cancer cells with chemotherapeutic agents, such as daunorobicin, vincristine or gemcitabine, generally lead to ceramide generation by the de novo pathway (Ogretmen and Hannun 2004; Futerman and Hannun 2004) . Endogenous levels of ceramide seems to be increased by targeting enzymes of ceramide clearance, thus causing increased cytotoxic responses in different cancer cells (Ogretmen and Hannun 2004; Fox et al. 2006) . Strategies that manipulate the metabolism of sphingolipids, resulting in enhanced ceramide levels in cancer cells, have been launched out as unprecedented approaches towards cancer chemotherapy (Ogretmen and Hannun 2004; Reynolds et al. 2004) .
Ceramides are intensely being examined as potential chemopreventive molecules. As suggested by evidence, primary and metastatic cancer cells have less endogenous ceramides than normal mucosa taken from the same patient. Thus, it can be inferred that it is possible for ceramide biosynthesis processes to be hindered in cancer cells (Struckhoff et al. 2004) . Further, it is reported that radiation-resistant and multi-drug resistant tumor cells do not generate or accumulate ceramides suggesting an alteration in the sphingolipid pathway (Cai et al. 1997) .
Evidence indicates that treating cancer cells in vitro with exogenous ceramides constantly bring about cycle arrest, senescence, differentiation, apoptosis or autophagy (Radin 2003; Ogretmen and Hannun 2004; Bansode et al. 2011) . In addition to this ceramide response, enzymes, as well, are involved in the regulation of cancer cell growth and/or survival. For instance, several enzymes such as ceramidases that reduce ceramide levels, lead to anti-apoptotic, prosurvival and/or resistance to chemotherapy in various cancer cells (Kolesnick 2002) . Acid ceramidase is an enzyme that metabolize ceramides to sphingosine-1-phosphate which has antiproliferative activity and promotes apoptotic cell death (Beckham et al. 2013; Brizuela et al. 2014 ). This enzyme is overexpressed in prostate and breast cancers (Sanger et al. 2015) . Acid ceramidase has been reported to exert a potential target for drugs for cancer treatment (Vethakanraj et al. 2015) . Inhibitors of ceramidases were reported to induce apoptosis and cause cell cycle arrest (Bhabak et al. 2013) . Therefore, pharmaceutical/preclinical research and later clinical trials of cancer cases may include ceramide and sphingolipids (Sleiman et al. 2013 ) as well ceramidases. In the treatments with ceramidase inhibitors or exogenous ceramides cell cycle arrest and apoptosis are induced by increasing the ceramide concentration in the cells of breast (Sanger et al. 2015) and prostate cancers (Beckham et al. 2012) . Such data triggered the discovery of acid ceramidases, a possible future target for anticancer therapy.
It is possible to find a large number of acid ceramidase inhibitors in the market of which N-oleolyl ethanolamine, B13, D-MAPP, D-NMAPPD have all been affirmed to induce apoptosis in colon, prostate, glioma, melanoma and breast cancer cell lines (Bhabak et al. 2013) . It is also known that ceranib-2, which is a new type of acid ceramidase inhibitor considerably induced apoptosis in different cells such as human ovarian adenocarcinoma cells (Draper et al. 2011) , and rat fibroblast cancer cells (Vejselova et al. 2014) . But, the morphological and ultrastructural changes it causes in different cancer cell lines remain unknown. In this study we have examined the apoptotic activity of ceranib-2 in the human breast cancer cell line (MCF7) and evaluated the ability of ceranib-2, as a novel human ceramidase inhibitor to have antiproliferative and proapoptotic activities on human breast carcinoma cells by causing ultrastructural and morphological changes.
Materials and methods

Materials
Ceranib-2 was obtained from Cayman Chemical (Ann Arbor, MI, USA). Fetal bovine serum, penicillin streptomycin, dimethyl sulfoxide (DMSO), and 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl-2H-tetrazolium bromide (MTT) were obtained from SigmaAldrich (St. Louis, MO, USA), and Roswell Park Memorial Institute medium (RPMI-1640) was obtained from GIBCO (Grand Island, NY, USA). MCF7 cells were from the American Type Culture Collection (Manassas, VA, USA).
Cell culture
In this study human breast adenocarcinoma MCF7 cells were used. MCF7 cells were grown in RPMI medium with penicillin-streptomycin (100 units/mL-100 lg/mL) and 10 % fetal bovine serum (v/v) at 37°C under 5 % CO 2 in humidified incubator conditions. Each third day cells were passaged and confluent cells were used as test cell line.
MTT cytotoxicity assay MCF7 cells were plated into 96-well plates (1 9 10 3 cells/well). Different concentrations of ceranib-2 (in DMSO) ranging from 5 to 100 lM were added in each well and cells were incubated for 24 h at 37°C in a humidified incubator with 5 % of CO 2 in air. Following incubation period 20 lL of MTT solution (5 mg/mL) was added into each well followed by further incubation for 2 h in incubator. Growth media were aspirated and replaced to 200 lL of DMSO per well. Plates were read on an ELISA reader (EL 9 808, BioTek, Winooski, VT, USA) at a wavelength of 540 nm (n = 3) (Kus et al. 2013; Kabadere et al. 2014 ).
Annexin V-FITC/PI evaluation
The apoptotic effects of ceranib-2 in MCF7 cells was examined by flow cytometry. MCF7 cells were exposed to 13 lM of ceranib-2 for 24 h. The treated cells were collected separately then washed twice with PBS by centrifugation. Collected cells were incubated with Annexin V/propidium iodide in dark at room temperature for 15 min and then analysed by flow cytometry (Akalin Ciftci et al. 2015) .
JC-1 assay for evaluation of mitochondrial membrane potential
In order to examine the changes in the mitochondrial membrane polarization cell-permeant JC-1 dye was used. In the mitochondria with intact membrane, JC-1 dye easily enters and remains in the form of aggregates. Unlikely, in case of lost/decreased mitochondrial membrane potential it remains as monomers in the cytosol. Here in, MCF7 cells were incubated with 13 lM of ceranib-2 in six-well plates for 24 h. Untreated and ceranib-2 treated cells were collected and centrifuged at 12009 rpm for 5 min at room temperature. The supernatant was replaced by JC-1 working solution (0.5 mL/tube) and cells were resuspended and then incubated in a humidified CO 2 incubator at 37°C for 15 min. MCF7 cells were washed twice with assay buffer (19) at room temperature and pellets were vortexed in 0.5 mL of assay buffer and then analyzed by flow cytometry. A Mitochondrial Membrane Potential Detection Kit (BD Pharmingen, Franklin Lakes, NJ, USA) was used (Liu et al. 2007a, b) .
Confocal microscopic analysis for morphological changes MCF7 cells exposed to IC 50 concentration (13 lM) of ceranib-2 and untreated cells were washed in phosphate buffered saline (Invitrogen, Carlsbad, CA, USA) and fixed in glutaraldehyde/paraformaldehyde (2 %) at room temperature then cells were washed again stained with phalloidin (Sigma, St. Louis, MO, USA) and acridine orange (Sigma). Stained cells were evaluated under confocal microscope (Leica ICS-SP5 II, Wetzlar, Germany) with the supplied software (Leica Confocal Software Version 2.00, Leica) (Vejselova et al. 2014 ).
Transmission electron microscopic examination of MCF7 cells
Changes in the ultrastructure of ceranib-2 treated MCF7 cells were evaluated by transmission electron microscopy (TEM). For this manner untreated and ceranib-2 treated MCF7 cells were fixed in glutaraldehyde (2.5 %), post-fixed in osmium tetroxide and dehydrated in a graded ethanol. Dehydrated cells were embedded in Epon 812 epoxy and sectioned on ultramicrotome (Leica EMUC6). Thin-sections (100 nm) were stained in lead citrate and uranyl acetate, respectively, and examined by TEM (FEI Tecnai BioTWIN, Limmen,the Nederland) (Kus et al. 2015) .
Statistical analysis
For statistical evaluation was performed using oneway variance analysis for multiple comparisons of SPSS 11.5 for Windows.
Results
The different concentrations of ceranib-2 caused dosedependent growth inhibition on MCF7 cells for 24 h. Increasing concentrations of ceranib-2 effectively inhibited the growth of the treated cells (Table 1) . The IC 50 value of ceranib-2 on MCF7 cells for 24 h was found to be 13 lM.
Apoptotic profiles of untreated and ceranib-2 treated MCF7 cells was determined by annexin V/PI staining. The percentage of viable cells in untreated and ceranib-2 treated MCF7 cells was found to be 84.20 and 65.90, respectively. The percentage of total apoptotic cells in untreated cell group was found to be 15.80 that includes 11.75 % early and 4.05 late apoptotic/dead cells. In ceranib-2 treated MCF7 cells 34.10 % of the population underwent apoptosis of which 30.3 % were early apoptotic and 3.80 % late apoptotic/dead cells (Fig. 1a, b) .
Flow cytometry measurements for evaluation of polarization of mitochondrial membrane potential revealed that 75.8 % of the population of untreated MCF7 cells were with intact/polarized mitochondrial membrane and 23.5 % of this population was with depolarized membranes of mitochondria. Unlikely in ceranib-2 treated cells percentage of cells with reduced mitochondrial membrane was increased to 64.2 (Fig. 2a, b) .
To investigate the characteristic sparks of apoptosis in the morphology of MCF7 cells acridin orange/ phalloidin stained cells were observed under confocal microscope. A significant change in morphology was observed after ceranib-2 treatment whereas such changes were not observed in the control group (Fig. 3a) . Early apoptotic cells were found to contain highly condensed chromatin, fragmented nuclei, cell shrinkage ( Fig. 3b-d) whereas late apoptotic cells and necrotic cells fluoresced orange (Fig. 3d) .
The state of apoptosis and damages in organels in ceranib-2 treated MCF7 cells were detected by transmission electron microscope with high resolution. In control cells mitochondria were with a normal morphology (Fig. 4a) . MCF7 cells exposed to ceranib-2 found to have highly swollen morphology in mitochondria. Loss of cristae, membrane blebbing and shrinkage were observed ultrastructural changes (Fig. 4b) .
Discussion
The most prevalent cancer in woman which ends up with dead is breast cancer (Siegel et al. 2014) . It is reported that nearly 30 % of the women who suffer from breast cancer developed metastases and eventually this disease caused their death. MCF7 cell line derived from a patient with metastatic breast cancer in 1970 has been regarded as an outstanding model system for the study of breast cancer for it pertains to the vulnerability of the cells to apoptosis (Yang et al. 2006 ). There are a good number of studies that suggest that cancer formation, progression and metastasis are related with the changes in apoptotic pathways (Bold et al. 1997) . Therefore, recently it is focused on finding an anticancer therapy by the agents with ability to induce apoptosis in cancer cells (Kamesaki 1998) . Apoptosis has morphological and ultrastructural sparks of which cell shrinkage, excess of cell membrane activity also peripheral heterochromatin condensation, fragmentation of nucleus and cytoplasm as apoptotic bodies are significant (Eranshaw 1995) . Above mentioned sparks are compatible with our confocal microscopy and electron microscopy results of MCF7 cells exposed to ceranib-2.
Cell shrinkage, chromatin condensation and nuclear fragmentation (karyorrhexis) are some of the morphological hallmarks of apoptosis (Vethakanraj et al. 2015) . Similar morphological changes were observed in MCF7 cell line after 24 h of ceranib-2 treatment (Fig. 3c, d ). These hallmarks were interpreted as apoptotic activity of ceranib-2 in MCF7 cells.
Another significant hallmark of apoptosis is loss of membrane symmetry that means moving of phosphatidyl serine from the inner membrane to the outer side. This event can easily be detected by annexin V and define the apoptotic population in a given cell population. Similarly, in this study we found that a good percentage of MCF7 cells exposed to ceranib-2 underwent apoptosis.
Ceramide induced programmed cell death in chemotherapy and radiotherapy has provided a new comprehension for mechanism of action in cancer treatment. Ceramidase enzyme metabolize ceramide to sphingosine-1-phosphate that is an antiproliferative metabolite in the ceramide pathway (Beckham et al. 2013) . Ceramidase inhibitors cause augmented ceramide levels in the cells and in turn lead to cell cycle arrest and apoptosis by inhibition of exogenous ceramides (Liu et al. 2007a, b) .
Different types of acid ceramidase inhibitors such as N-oleoyl ethanolamine, B-13, DMAPP, DM102, ceranib-2 have been shown to promote apoptosis in many cancer (5RP7) as prostate, glioma, breast and rat fibroblast cancer (5RP7) (Bhabak et al. 2013; Vejselova et al. 2014) . Ceranib-2 a novel acid ceramidase inhibitor, and the apoptotic activity of ceranib-2 has been demonstrated in the 5RP7 cell line (Vejselova et al. 2014 ) and the MCF7 cell line (Vethakanraj et al. 2015) our MTT data demonstrated that ceranib-2 caused mitochondrial dysfunction and loss in mitochondrial membrane potential. Additionally, our data showed that ceranib-2 can induce death of MCF7 cells initially leading to mitochondrial dysfunction. Similarly we found that the mitochondrial membrane potential of ceranib-2 treated MCF7 cells was decreased. In addition, it was reported that endogenously produced or exogenously applied ceramide can lead to production of free radicals and hydrogen peroxide at the mitochondria thus disrupting the mitochondrial membrane potential (Garcia-Ruiz et al. 1997 ). This may have occurred in ceranib-2 treated MCF7 cells in our study.
Production of reactive oxygen species, ATP shortening, decrease in the inner mitochondrial membrane potential and inhibition of electron transport chain activity are reported as hallmarks for mitochondrial dysfunction (Rivzi et al. 2011) . In addition to this the release of cytochrome c through opened permeabilization transition pore complex is reported to occur after a decrease in mitochondrial membrane potential (Struckhoff et al. 2004) . Our findings clearly revealed that mitochondrial membrane polarization was remarkably decreased in MCF7 cells exposed to ceranib-2 for 24 h. This demonstrates the involvement of mitochondria in apoptosis caused by ceranib-2. It was reported for ceramide that it promoted apoptosis via activation of mitochondria (Ghafourifar et al. 1999) . The percentage of cells with depolarized mitochondrial membrane potential was augmented remarkably in ceranib-2 treated MCF7 cells (Fig. 3b) .
Ultrastructural analyses of LNCaP cells treated with 25 and 50 lM of ceranib-2 for 24 h showed chromatin condensation, mitochondrial dysfunction and damaged cell integrity (Kus et al. 2015) . Similarly our ultrastructural analyses resulted in findings that showed MCF7 cells exposed to 13 lM ceranib-2 for 24 h to have a modified ultrastructure. Observed ultrastructural changes in ceranib-2 treated cells were loss of cristae that indicates mitochondrial dysfunction and damaged and condensed nuclei. Ultrastructural changes provided an excessive swollen morphology in mitochondria in ceranib-2 treated cells when compared to untreated MCF7 cells, the mitochondria of ceranib-2 treated cells were swollen. Sun et al. (2007) have reported that this swelling may occur only if the mitochondrial membrane potential is lost or cytochrome c is released outside the mitochondria. Similarly, we stated that the apoptosis pathway was activated by ceranib-2 treatment and that the cells tented to undergo apoptosis via reducing mitochondrial membrane potential. Similarly, in our previous study ceranib-2 caused mitochondrial dysfunction in NIH/3T3 and 5RP7 cells (Vejselova et al. 2014 ).
On the basis of our findings (growth inhibition, apoptosis induction, morphological and ultrastructural changes) it can be concluded that ceranib-2 has a great potential to be cytotoxic in MCF7 cell line and cause programmed cell death/apoptosis and thus may be useful in designing antineoplastic therapeutics after further investigations.
